ABSTRACT In this paper, the preparation and the measurement of a set of human breast phantoms for microwave breast imaging (MBI) as a method of tumor detection are presented. The developed artificial breast phantoms have realistic dielectric properties. Homogenous and most realistic heterogeneous breast phantoms have been fabricated based upon 3D structures filled up with different chemical mixtures that imitate the various breast tissue types (skin, healthy fat tissue, glandular tissue, and tumor tissue) regarding permittivity over ultra-wideband frequency band (3.1-10.6 GHz). The primary challenge in fabricating such phantoms is in developing suitable mixtures of materials to emulate those properties across the frequency band of interest in hyperthermia and to fabricate the phantom with realistic anatomy. Once fabricated, the dielectric properties are measured using a dielectric probe connected with a modern vector network analyzer. The measured dielectric is compared to real human breast dielectric properties, and the primary imaging results are presented. The integrated design of the homogenous and heterogeneous phantoms permits to combine the tumor and breast phantoms dynamically for creating a test platform based on MBI systems. The experimental dielectric properties of the phantoms show good agreement with this paper and theoretical results. The phantoms are constructed in such a way that the chosen materials demonstrate the properties to be stable over a long period. The experimental results demonstrate the validity of our proposed phantoms to be used in investigating as a supplement to the real human breast tissue with multiple object and comparatively high-resolution image.
I. INTRODUCTION
Microwave imaging is considered as the promising technique for medical applications, like cancer (tumor) detection in human breasts from several years. There has been immense progress in research activity in microwave diagnostics and healing technologies targeting the breast for over the past two decades [1] - [6] . These investigations have been powered by the clinical needs for inventory tools in early detection of breast tumor at low cost and nonionizing features of microwave systems. This is a promising and essential prospect to develop tomographic systems for the finding of a breast tumor. The breast tumor is the prominent cause of cancer among women [7] . Novel technologies for detecting and diagnosis could lessen the rate of death across the world. For significant survival, early detection and treatment can be the compelling solution. The tumor showed significantly high dielectric constant rather than normal healthy tissues [8] in various range of microwave frequencies. It becomes the key feature for better detection abilities with microwave techniques over the existing X-ray mammography and ultrasound imaging. Hereafter, several experimental systems [3] - [5] , as well as algorithms for imaging [5] , [9] - [13] , have been proposed and promising results have been gained for radarbased [4] and reverse scattering image renovation algorithms [9] . For testing the performance stability, resolution and Point Spread Function (PSF), the effect of experimental errors and noise in algorithmic performance and accuracy of new devices, systems, and algorithms, which associated to microwave breast tumor detection system, breast phantoms with high fidelity, are complementary tools for experimental and computational investigations. The proper breast phantom can precisely impersonators not only the 3D dispersal of different layers of breast tissues (skin, fat, glandular, tumor) but also explicit the physical characteristics of those tissues applicable to microwave collaborations with the phantom. Laboratory phantoms can play a vital role in quality insurance of clinical MBI systems, comply with the common practice of existing imaging technologies [10] .
Phantoms are artificial replicas of body organs or parts premeditated to mock the structure and physical assets of their organic matching parts. Permittivity and conductivity are the interesting parameters besides the geometry in microwave tomography. The materials previously used as a tissue substitute are liquid glycerin [11] , rubber-carbon mix [12] and Triton X-100 [13] . A human breast can be classified into two primary parts, adipose and fibro-glandular tissue, that can be eminent to each other by unique properties of dielectric due to corresponding water, fat and protein content [14] . To match the dielectric properties, different mixture recipe has been proposed leaving substantial argument as to which values are most appropriate to use in experimental systems. In [15] , the permittivity was reported as 45, 25 and 7 for malignant, fibro-glandular and fat tissues respectively at 1.5 GHz. More sophisticated phantoms were developed by Burfeindt et al. [16] , Joachimowicz et al. [17] and by Pistorius et al. [18] at the University of Manitoba. Several experimental phantoms for MBI systems are stated in the literature [12] , [17] , [19] - [21] . One of the recent methods is constructed on the zero-order mode resonator structure of metamaterial [22] , [23] . Guy [24] developed the first gel-based phantom where TX-150 is the base ingredient for the simulation of high water-containing tissues along with polyethylene powder and saline solution. Lazebnik et al. [19] proposed an alternative phantom made with water, gelatin, kerosene and sunflower oil for the frequency range of 500 MHz-20 GHz. Agar-based phantoms were designed by Kato and Ishida for hyperthermia for the first time [25] to test RF hyperthermia at 13.56 MHz that is the combination of water (97.57%), NaCl (0.43%) and agar powder (2%). Agar phantoms are appropriated for using in the applications at higher temperatures for its high melting point (80 • C approx.) like hyperthermia and ablation [26] . Mostly the available phantoms are different from tissue mimicking material (TMM) which is responsible for the recreation of breast tissue properties. The breast skin shape also differs from some proposed studies that work on MRI driven and 3D-printed shells that represent the skin anatomically. With the various shape and inner structures, oil-gelatin based breast phantom has been fabricated in [19] and [27] where the different mixing percentage of oil control the dielectric properties. The main drawback of this phantom is very subtle to an environmental acquaintance and short lifetime.
The TMM phantoms based on Triton X-100 have been proposed in [13] and [20] whereby varying the amount of raw materials the dielectric is controlled and is more stable in higher temperature than oil-gelatin mixtures. There is a significant drawback of liquid-based phantoms [16] , [17] as internal and external shells are used to form the anatomy of the breast which has a significant effect on the fidelity of the backscattered signals received from MBI systems. Nevertheless, the recent experiments have not involved the most realistic tumor model, which is prerequisite for any kind of study related to diagnosis. Tumor models have been considered as ellipsoidal or spherical targets and used numerical simulations that can lead the noisy experiment data while collecting backscattering signals in MBI examination [28] , [29] .
In this paper, the development of novel homogenous and most realistic heterogeneous tumor phantom with different sizes is presented. Polyethylene and agar-based two layers (fat and tumor) homogenous phantom and agar-Xanthium based four layers (skin, fat, gland and tumor) are fabricated. The dielectric properties are measured for each layer, and a 3D shape with complex real human-like construction is given for making the phantom more suitable for the experiment of MBI system. The primary result of imaging with the MBI system of the phantoms is also investigated.
II. ELECTROMAGNETIC PROPERTIES OF BREAST PHANTOM
The study of the electromagnetic depiction of normal and malicious human breast tissues has been focused over the years. For being complex compositions, the large-scale investigation covering wider frequency band has not been carried out before Lazebnik et al. [30] reported the verity of dielectric properties of heterogeneous phantoms especially the normal breast tissues depending on the concentration of adipose tissue content. Also, the variability of the properties of malignant tissues also stated by the authors for the same reasons. The dielectric properties of several types of tissues are categorized by permittivity, which is the mean of complex-valued dielectric,
where εr represents the dielectric constant and σ represents the conductivity of the tissue against frequency. γ 0 is the vacuum dielectric permittivity, and ω is angular frequency. The evaluation of the described Debye model is considered under the frequency range 0.5 to 6 GHz [31] .
A. DIELECTRIC PROPERTIES OF BREAST TISSUES
The comprehensive study of dielectric properties of healthy and malignant tissues in large scale was conducted by Lazebnik et al. [30] , [32] in 2007. The heterogenous complex internal structure found in breast tissue where a few amounts of contrast relay between healthy and malignant tissues. However, the recent clinical experiments recommend that there is significant healthy-to-cancerous contrast ratio [33] - [35] . The properties stated in [32] is still considered as the targeted properties of the breast development for both homogeneous and heterogeneous phantoms which also characterize in a worst-case scenario. The median target relative permittivity and conductivity of fat, glandular, skin and tumor tissues are displayed in Table 1 . The dielectric properties (εr and σ ) for four breast tissues: skin, fat, gland and tumor, with targeted dielectric at 3 GHz frequency is summarized in Table 1 .
B. FABRICATION PROTOCOL
Two types of phantoms are fabricated as homogeneous and heterogeneous phantoms. The homogenous phantom has skin layer, fatty layer and a tumor inside. The heterogeneous phantom has a skin layer, a fatty layer, gland and tumors inside. Two different methods are used in constructing the two phantoms. For homogenous phantom, Sodium chloride (NaCl), polyethylene powder, agar powder, xanthan gum, sodium dehydroacetate monohydrate, and distilled water are used. Polyethylene powder is used to adjust the permittivity and NaCl to improve the conductivity. Agar is used to maintaining the shape of the phantom by preventing separation of water content, xanthan gum is used as a thickener and sodium dehydroacetate monohydrate as a preservative. The materials which alter the dielectric properties of this method are NaCl, polyethylene powder, agar, and distilled water, and they are the main ingredients in the phantom. For heterogeneous phantom, distilled water, safflower oil, propylene glycol, 200 bloom calf-skin gelatin, formalin (37% formaldehyde solution) and surfactant (xanthan gum) are used. Propylene glycol and safflower oil are used because they have low conductivity suitable to create a low conductivity phantom and high permittivity property of distilled water appropriate to increase the permittivity of the phantom. Gelatin mixtures have dielectric properties very close to the breast tissues dielectric property and are stable enough to last up to 8 weeks [13] . These materials are also natural to fabricate and possess high mechanical properties. The selected materials make it easy to produce breast phantoms although different concentrations of the materials are used for different layers. The table 2 and table 3 below shows the equivalent amount of all the materials used in making both the homogenous and heterogeneous phantom, respectively.
C. THE MEASUREMENT METHOD OF DIELECTRIC PROPERTY
The measurement is taken in UWB (3.1-10.6 GHz) frequency range. A dielectric probe from KEYSIGHT modeled as 85070E dielectric probe kit, operated by the 85070-software installed with PNA-L N5232A (300 KHz to 20 GHz), Vector network analyzer (VNA) is used to measure the dielectric constant (Dk) and loss tangent (Tan δ). The probe test is considered as one of the most popular and easy to use the technique to get the dielectric properties [38] - [40] , which is considered as a non-destructive test that does not affect measuring substrate with the capability of the probe method measurement up to 20 GHz [41] . First, the probe is calibrated with 25 cm3 of sterile water. Then all the samples of the phantoms are measured at the UWB frequency range. All the samples are sliced separately for ensuring enough contact between the probe and the sample while taking measurements. To access the consistency the visual checkup of the inner part of the individual sample is done. The outer surface is sanded flat for ensuring no gap between the probe and sample. For better accuracy, 5 sample data of each sample are taken at different locations across the surface. The final decision is then made by calculating the mean value. The percentage disparity of the measurements regarding relative permittivity was found to be 4.5% for skin, 3% for fat, 3.5% for glandular tissue, and 2% for tumor tissues. In terms of the conductivity, the percentage error of the measurements is determined to be 2% for skin, 1% for fat, 2.5% for glandular tissue, and 4% for tumor tissues. 
III. BREAST PHANTOM DEVELOPMENT
The breast is in direct connection with the surface of the system in most of the current MBI system commercially available now. Therefore, the breast should be conforming to the shape of the prototype during measurement. On the other hand, the experimental valuation of conformal prototype needed the phantoms to be the exact same shape and anatomy of the breast. In this scenario, the authors develop two types of breast phantom, homogenous and heterogeneous phantoms.
A. HOMOGENOUS BREAST PHANTOM FABRICATION
The components and the ratios are followed from table 2 for the preparation of each layer of the homogeneous phantom. The fatty material is prepared by dissolving agar in distilled water, followed by sodium chloride and sodium dehydroacetate monohydrate. After the solution dissolved, it was then heated at a temperature of 80 • C and 400W until bubbles started forming and the mixture became transparent. The heat was then turned off, and the solution was poured into a mixer where a certain amount of xanthan gum was added and mixed, followed by polyethylene powder until a uniform mixture is obtained. The mixture was poured into a suitable mold for the anatomical structure and insertion of tumor material into it. While pouring the mold, a straw of 3 mm diameter was inserted into the mold to create a hole for placing the tumor material is shown in figure 2 . The tumor material was prepared using the same method but in a different ratio of all the materials used. A little amount of blue color was added to differentiate tumor from the fatty materials. The mold is then kept in the refrigerator for preservation. Figure 3a shows the fatty phantom poured into the mold and figured 3b shows the fatty phantom without tumor outside the mold with the real breast like anatomy. The height of the phantom is 45 mm and radius is 55 mm. The prepared tumor material is shown in figure 3c , and the final homogenous phantom with tumor inserted at a distance of 27.5 mm from the radius with 3 mm diameter is illustrated in figure 3d . Figure 3e and 3f displays the two and four tumors inserted in different locations. 
B. HETEROGENEOUS BREAST PHANTOM FABRICATION
The preparation procedure of each layer is similar with different concentration of the materials stated in table 3. Heterogeneous breast phantom was prepared by first mixing propylene glycol with distilled water then placed in a double boiler with the temperature raised to 50 • C. Agar and gelatin powder is then added and mixed until it dissolved completely until the mixture turned yellow. At the same time, surfactant and formalin were added to the oil and mixed with the heated solution. The solution of water, propylene glycol and gelatin are removed from the double boiler then stirred until it cools. For further cooling, the solution is placed in the ice bath. Stirring should be done carefully, not vigorously, as air bubbles might appear and affect the dielectric properties. When the mixture reached 25 • C, it is placed into containers for molding and refrigerated overnight. For the shaping of the skin layer of the phantom, two equal size bowls are placed at 2 mm gap and hold with three (3) pairs of clips as shown in figure 4. After the skin phantom has solidified, the inner bowl is removed, and the fat layer was added. To place the glandular layer, a portion of the fat at 20mm radius is cut out after it has solidified, and the gland was poured and for the tumors straws of different sizes are used to create holes in the gland and then tumor mixture was poured in each hole. To differentiate the layers in the phantom, different food colors are used. 
IV. RESULTS AND DISCUSSIONS

A. DIELECTRIC PROPERTIES OF HOMOGENEOUS PHANTOM
Dielectric properties of the prepared homogenous phantom match the dielectric properties of a real breast together with the targeted one in Table 1 . The homogenous phantom was a fatty phantom with a 3mm tumor inside. By using the VNA and probe, five readings are taken at the UWB band (3.1-10.6 GHz), and the measurement is shown here for the center frequency of 7 GHz. The sample data is made in different positions on the surface of the material and then averaged to determine the overall permittivity and conductivity. Table 4 shows the permittivity, loss tangent and conductivity for five sample data and their mean value for the fat and tissue material of the homogeneous phantom. Figure 7a shows the specific relative permittivity for the targeted and measurement results against the UWB frequency band. It is observed a good agreement between the focused and experimental data, which guarantee the appropriateness of the phantoms for testing in MBI systems as a supplement of real suspect. For the fat tissue, the measured dielectric across the bandwidth varies from 5-15 that is theoretically acceptable, and the tumor tissue shows the dielectric in the range of 48-60 that matches the targeted specifications. Also, the conductivity curve for both tumor and fat tissue can be found in figure 7b where a good agreement is noticed between the measured and targeted values. Table 5 shows the five (5) data samples of the dielectric properties of each layer of the heterogeneous phantom at five different positions. It is noticed that the mean value is close enough to the targeted value. Figure 8a and 8b shows the relative permittivity or dielectric and conductivity against frequency. The skin layer has the dielectric of ranging 22-40 and conductivity of 1.5-2.5. The fatty tissue shows the dielectric of 5-15 and conductivity of 1.7-2.5. The gland tissue shows the dielectric of 15-45 and conductivity of 1.5-4, and for containing more watery content, the tumor tissue shows the maximum dielectric and conductivity. The dielectric for tumor is ranging from 35-56 and conductivity is 3.5-8.5 across the UWB band. All the results are identical to the desired specifications. Therefore, the work presented in this paper has the more realistic characteristics of the real human breast to be tested with the MBI system efficiency.
B. DIELECTRIC PROPERTIES OF HETEROGENEOUS PHANTOM
C. SAMPLE IMAGES GENERATED IN THE MBI SYSTEM USING THE PHANTOM SET
The results obtained from phantom measurement clearly resemble the standard results. The sample images generated from the same MBI experiment setup explained at [42] , where backscattered signals are collected using a microwave antenna sensor and image constructed by applying Delayand-Sum algorithms. The authors also applied rotation subtraction to remove the artifact. A mechanical rotating platform was used to collect the backscattering signals from the phantoms. A different set of data is obtained such as phantom without tumor and phantom with tumors. All the sample images of the stated scenarios are illustrated in figure 9 and 10. Fig 9(a) is mainly blank as expected because of the homogeneity of phantom A. Small insignificant specifications of noise appear at the top of phantom A probably because of cracks on its exterior. Fig 9(b) displays an individual point of high contrast to the fat materials as white along with some lower strength clutter below it. The high contrast location is regarded as the center of the tumor the clutter could be related to imperfect insertion of tumor leading to small cracks in the excess fat being filled up with tumor materials. Fig. 9 (c) obviously shows two individual clutters indicating the existence of two tumors. Nevertheless, the top tumor in Fig 9(c) is slightly nearer to the center compared to the lower tumor. Upon re-exam of phantom, it had been mentioned that one tumor was positioned closer. The discrepancy could be seen VOLUME 6, 2018 in Fig 9(c) . Finally, Fig 9(d) displays one high comparison clutter probably due to the tumor nearest to the skin. The additional three tumors also show up but just as low comparison clusters. Being that they are buried deeper, the reflected indicators face more attenuation, leading to less contrast. Nevertheless, the existence of four unique clutters indicates the recognition of most four tumors. The resolution of the images has been improved. For defining the deep penetration, more than one tumor in single phantom has been tested and the imaging results are presented in figure 9c and 9d. The primary imaging results of heterogenous phantom is illustrated in figure 10 . Figure 10a represents the image without tumor inserted and several lighter clutters due to relatively higher dielectric of glandular tissue and figure 10b clearly indicate the presence to two tumors with dipper clutters. It is noticed that the level and shape of a conjecture of tumorous cells has a significant effect on the renovated images after analyzing the backscattering signals, which can be considered as the systematic evaluation of microwave breast imaging prototype systems. 
V. CONCLUSION
The fabrication and measurement of medical breast phantoms and the evaluations of MBI systems using the prepared phantoms are presented in this paper. Two types of the phantom, homogenous and heterogeneous with several layers of tissues are fabricated separately, and complex anatomy of real like human breast is built. These breast phantoms can be used to produce a robust and flexible test platform for microwave tumor detection systems. The phantoms contain four layers of skin, fat, glandular and tumor that is suitable for hemispherical conformal imaging systems. The measurements of dielectric properties are listed and compared with the theoretical results to verify the phantom properties. The lifetime for the homogeneous is recorded as eight (8) weeks after proper preservation at the refrigerator, and heterogeneous phantoms hold its properties up to six (6) weeks, which is comparatively higher than the phantoms reported in the literature. Sample images generated from the scanning of the fabricated phantoms at different scenarios (multiple tumors with high-resolution image) in MBI systems also presented. Therefore, the phantoms can be a good substitute for testing before transferring to in vivo clinical testing. 
